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Twinning provides critical stress-relieving and flaw tolerance in body-centred cubic (BCC) transition
metals (TMs) when dislocation plasticity is suppressed. Twin nucleation and growth mechanisms have
been studied for over half a century without a consensus. Here, we use a reduced-constraint slip method
to unveil the path to twin nucleation, growth and associated energy barriers in the entire BCC TM
family. Twinning is surprisingly but essentially controlled by a normalized energy difference g between
the hexagonal close-packed (HCP) and BCC structures in elemental TMs, and can be effectively tuned
and quantitatively predicted by first-principles calculations in TM alloys. Fracture mechanics theory
with g-based barriers enables predictions of critical solute concentrations to activate twinning and
reverse ductile-to-brittle transitions in BCC TMs, as demonstrated in WRe alloys. The computational
approach provides a unified and quantitative method to predict twinning and a practical tool for rapid
screening of alloy compositions ensuring ductile behaviour.
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Introduction
Plastic deformation is essential for materials processing, flaw tol-
erance and toughening [1]. Dislocation is the primary plastic car-
rier in nearly all metals and alloys at moderate homologous
temperatures. When dislocation plasticity is suppressed or
exhausted, twinning provides an alternative deformation mode
[2,3]. Deformation twinning is critical in a wide range of materi-
als, including (i) elemental metals and semiconductors; (ii) inter-
metallic alloys [4]; (iii) twinning-induced plasticity steels [5]; (iv)
b-Ti [6] gum metals [7] and (v) emerging compositionally com-
plex alloys [1]. In BCC TMs, deformation twinning is ubiquitous
in Fe [8,9], Group VB V [10–13], Nb [14,15], Ta [13,14,16], and
Group VIB Cr [17], but is less active in bulk Mo [18–20] and W
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[21,22]. The twinning behaviour or twinnability is thus distinctly
different among these TMs, even though they share the common
partially-filled d-bands, crystal structure and many other intrinsic
properties. The prevalence of deformation twinning is dictated
by the twin nucleation mechanism and associated barriers rela-
tive to other competing plastic modes such as dislocation glide,
phase transformation or fracture. Nucleation typically passes
through some unstable transition states at sub-nanometer length
scales and over femtosecond time scales, and depends on the fine
details of the underlying crystal structure and atomic bonding.
Nucleation processes are thus generally intractable in experi-
ments. In BCC TMs, twin nucleation and growth remain not well
understood, despite their fundamental importance and intensive
research over 70 years [3,23–27].

Multiple twin nucleation mechanisms have been proposed for
BCC structures [3,26]. For example, the classical pole mechanism
369-7021/� 2023 Elsevier Ltd. All rights reserved. https://doi.org/10.1016/j.mattod.2023.03.028
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[28] requires dissociation of a perfect <111>/2 dislocation, a series
of complex cross-slips and an exceedingly high activation stress
st = cus/b [26] (b is the magnitude of the Burgers vector
b = <111>/2 and cus is the unstable stacking fault (SF) energy).
Sleeswyk proposed the core dissociation mechanism where a per-
fect screw dislocation dissociates into 3 fractional dislocations of
<111>/6 which then cross-slips to form a twin embryo with a
critical stress of st = 3cisf/b (cisf is the intrinsic SF energy). How-
ever, these models require complex hypothetical dislocation
reactions, highly coordinated atomic motions, or activation
stresses at least one order of magnitude higher than that in
experiments [26]. In addition, all present models and predictions
fail to rationalize the differences among Fe, Group VB and VIB
TMs, twinning dependence on temperature, strain-rate and alloy
composition, as well as the intrinsic twin and anti-twin beha-
viour [15].

In this work, we introduce a reduced-constraint (RC) slip path
to unveil the twin nucleation and growth mechanisms with
density-functional theory (DFT) calculations. In the RC pathway,
the twinning barrier ct is calculated as a function of slip s by
incrementally displacing all atoms above a slip plane (between
layer 6 and 7 in Fig. 1a) by ds = 0.04b = 0.02 <111> in the slip
(a)

(d) (e)

(b)

FIGURE 1

Twin nucleation and growth mechanisms in Fe, Group VB and VIB TMs. (a)
perfect BCC structure. (b) A 2-layer twin embryo following slip of 0.4b between la
slip direction only. (c) Twin growth following slip of 0.2b between layer 7 and 8 i
only. (d) Homogeneous displacements applied to atoms above and below 2 slip
of 0.33b between layer 6 and 7, and between layer 7 and 8 in (d). The structure is
Twin growth following slip of 0.33b between layer 8 and 9 in (e).
direction, followed by structure optimization with atoms imme-
diately above and below the slip plane fixed in the slip direction
and all other degrees of freedom relaxed. Atoms in other layers
are fully relaxed during structure optimization. The RC slip is
similar to the modified generalized SF energy (GSFE) calculation
employed in HCP structures [29,30]. It yields GSFE (c-lines) close
to the classical ones [31] or the generalized planar fault energy
lines. However, the structure optimization at each slip increment
ds removes excessive constraints and allows multilayer interac-
tions, leading to spontaneous formation of a 2-layer twin embryo
in Fe, Group VB TMs, Cr, WRe and MoRe alloys, but not in pure
Mo or W. We demonstrate that the RC slip path simulates typical
nucleation scenarios, such as at grain boundary (GB) triple junc-
tions and crack tips [32,33] where shear stress is only amplified
locally within several atomic layers. Based on the twin nucle-
ation and growth mechanisms, we present a unified model to
predict ductile and brittle behaviour at crack-tips applicable to
all BCC TMs. The quantitative model reveals (i) the physical ori-
gin of twin vs anti-twin; (ii) subtle differences among Fe, Group
VB and Group VIB TMs; (iii) change of twinning behaviour via
alloying and (iv) a mechanism to reverse the ductile-to-brittle
transition (DBT) in BCC TM alloys.
(f)

(c)

Homogeneous displacements applied to atoms above the slip plane in the
yer 6 and 7 in (a) and optimization with atoms in the green box fixed in the
n (b) and optimization with atoms on layer 7 and 8 fixed in the slip direction
planes in the perfect BCC structure. (e) A 3-layer twin embryo following slip
optimized with atoms on layer 6 and 7, 7 and 8 fixed in the slip direction. (f)
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Results and discussion
Twinning and dislocation slip in BCC Fe

Fig. 2 shows the respective c-lines of Fe along the h1
�
1
�
1i direction

on {112} twinning plane computed by DFT with the standard
and RC methods (see SI). We denote the slip direction as x, nor-
mal to the slip direction in the slip plane as y, and slip plane nor-
mal z. The fully constrained cfix-x-y-z-line is asymmetric, has no
meta-stable point and reaches peak at slip sd � 0.55b. The cfix-

x-line, which allows ionic optimization in y and z, has a similar
profile with its peak energy reduced by 17%. The crc-line, calcu-
lated by the RC method, also has a similar profile at both ends
of the slip, but exhibits (i) a meta-stable SF at slip sc � 0.4b
and (ii) a further reduced peak energy cud required for the nucle-
ation of a full dislocation (see SI). At the meta-stable point sc, a 2-
layer twin is formed spontaneously with excessive energy c2tw
(Fig. 1b and Table S2). The formed 2-layer twin is stable and its
configuration is identical to the fully relaxed structure obtained
by optimization with all ionic constraints removed.

The twin boundaries (TBs) enclosing the 2-layer twin have
similar structures and energies as the fully-grown TBs (Fig. S3).
Specifically, the twin structure does not possess a mirror reflec-
tion symmetry, but has a near-isosceles structure with a finite
translation d in the twin direction and some distortions on the
TBs (Table S2). This near-isosceles TB is the ground state structure
with an energy ciso-tw = 0.418 J/m2, 0.03 J/m2 lower than the
meta-stable reflection symmetry TB.

The 2-layer twin nucleus can grow by applying a slip ds again
on atoms above the top TB (layer 8 and above in Fig. 1b), fol-
lowed by structure optimization with the 2 layers of atoms above
and below the TB (layer 7 and 8) fixed in the slip direction. The
FIGURE 2

Generalized SF energy (c-lines) on the {112} plane of BCC Fe calculated
constraints and atomic constraints in the slip direction. The magenta solid line i
the energy variations to twin growth in the twin and anti-twin directions.
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slip can be applied in the twin and anti-twin directions, yielding
drastically different energy variations and barriers cutw-t

and cutw-at (Fig. 2). In the twin direction, the barrier to growth
is cutw-t � c2tw = 0.031 J/m2, which is negligible compared to
cutw-at � c2tw = 0.514 J/m2 in the anti-twin direction. Further twin
growth, from 3 layers to 4 layers and so on, incurs barriers of sim-
ilar magnitudes. Furthermore, the total barrier to twinning cutw-t

is 16% lower than cud while cutw-at is 37% higher than cud; nucle-
ation and growth of a twin is thus predicted to be more favour-
able than that of a full dislocation in the twin direction and
less favourable in the anti-twin direction. Compressive loadings
in the <001> and <110> directions create shear stresses in the
anti-twin and twin directions, which naturally activate disloca-
tion plasticity and twinning, respectively (Fig. 2). The above
energetics and predictions are fully consistent with twinning or
dislocation plasticity in experiments of single crystal Fe [34,35],
Nb [15], Ta [16], Cr [17] and atomistic simulations in Fe [36].
Twinning and dislocation slip in the BCC TM family
The RC slip reveals the twin nucleation and growth mechanisms
and associated barriers in BCC Fe. It can be applied to other
Group VB and VIB TMs. Fig. 3 shows the c-lines of 6 BCC TMs
computed using DFT. The standard cfix-x-lines have similar fea-
tures among the elements; all peak between 0.5–0.6b without
any meta-stable fault as that in Fe. In contrast, the crc-lines exhi-
bit distinct differences among the 6 cases; Group VB (V, Nb, Ta)
show shallow energy valleys with meta-stable faults at sc � 0.4b
similar to Fe, Cr has a brief energy drop and a meta-stable fault at
a similar location as Group VB, while Mo andW do not have any
meta-stable fault and their crc-lines are nearly identical to the
by DFT. The green solid and dashed lines are calculated with full atomic
s the crc-line calculated by the RC method. The magenta dashed line shows



(a) (b) (c)

FIGURE 3

Generalized SF energies (c-lines) on the {112} plane of Group VB and VIB TMs calculated by DFT. (a) The dashed lines are the cfix-x-lines and the solid
lines are the crc-lines of Mo and W superimposed. (b) crc-lines of 6 TMs. The dashed lines are the energy barrier for twin growth in the twin and anti-twin
direction. (c) Deformation mechanism in tension and compression of single crystal experiments. Deformation twinning is activated only when the resolved
shear stress is in the twin direction and dislocation mechanism is activated when shear is in the anti-twin direction.
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respective cfix-x-lines (Fig. 3a and b). Similar to Fe, a 2-layer twin is
formed spontaneously in Cr (grows to 4 layers) and Group VB
TMs upon structure optimization at sc (Fig. 1a-b) and with an
excessive energy c2tw (Table S2), while no twin structure is
formed in Mo and W. All the formed twin structures are stable
in subsequent structure optimization with all atomic constraints
removed. The TBs enclosing the 2-layer twin have similar struc-
tures and energies as the fully-grown TBs. The magnitude of d dif-
fers quantitatively among the elements (Table S2). The near-
isosceles TB structure is the ground state structure in Group VB
TMs, but is meta-stable in Cr with respect to the reflection struc-
ture and unstable in Mo and W. In the RC slip process, the pres-
ence of the stable/meta-stable faults characterized by d and the 2-
layer twin is fully consistent with the activation of deformation
twinning reported in bulk Fe and these 6 BCC TMs. In particular,
deformation twinning and TB with translation d are widely
observed in Fe [34,35], V [10,12,37,38], Nb [15], Ta [16], Cr
[17], but not common in bulk Mo [19,20] or W [21] under qua-
sistatic tensile loadings.

In the 4 TMs with a stable/meta-stable 2-layer twin, the barri-
ers to growth are cutw-t � c2tw 2 0.001–0.029 J/m2 and cutw-

at � c2tw 2 0.398–0.721 J/m2 in the twin and anti-twin directions,
respectively. From the 2-layer twin embryo, twin growth can
occur easily in the twin direction but faces high energy barriers
in the anti-twin direction, again similar to the case in Fe. We
envision another scenario where the RC slip is applied in the
anti-twin direction and passes the highest barrier cud, a full
<111>/2 dislocation is expected based on established dislocation
theory [39]. Even a 2-layer twin can be formed at sc after passing
through cud, growth in the anti-twin direction is still nearly
impossible given the high energy barrier cutw-at � c2tw, which is
much larger than cutw � c2tw for forming the full dislocation.
Therefore, deformation twinning in the anti-twin direction is
unlikely in all the 5 BCC elements exhibiting twinning beha-
viour, consistent with all single crystal experiments shown in
Fig. 3c.

For Mo and W, the above RC slip does not lead to the forma-
tion of twin structures. However, a 3-layer twin can be formed
spontaneously by applying the slip twice on atoms above and
below 2 consecutive slip planes. Specifically, we first apply sc �
0.33b to all atoms above a selected slip plane (layer 8–12 in
Fig. 1d), followed by a second sc to all atoms below a second slip
plane (layer 1–6 in Fig. 1d). The slipped structure is optimized
with three layers of atoms (layer 6, 7, 8) fixed in the slip direc-
tion, which results in a 3-layer twin structure (Fig. 1e). The
formed 3-layer twin has a mirror symmetry with structures and
energies similar to the fully grown twins (Fig. S5e-f). Subsequent
twin growth can occur following the same process as that in the
Group VB TMs and Cr (Fig. 1f). The mechanism to form the 3-
layer twin is difficult in practice, since the 2-layer twin, on which
the 2nd slip rests, is not even meta-stable. Twinning is thus more
difficult in Mo and W than in other TMs examined here. There-
fore, the stable/meta-stable isosceles TB structures are crucial and
dictate twin nucleation. The meta-stable SFs on the crc-lines man-
ifest their existence.

Twinning disconnection and twin growth
In Group VB TMs, Cr and Fe, the presence of the isosceles and
reflection TB structures has important consequences on the TB
disconnection and the true twin growth process, similar to the
meta-stable SF and partial dislocation glides in regular crystal lat-
tices (e.g., Shockley partials in FCC). Twin grows via the migra-
tion of the TB, which is carried out by the glide of a
disconnection possessing a Burgers vector btd and a step charac-
ter htd. The TB disconnection can be analysed with established
bicrystallography. Specifically, a dichromatic pattern can be
formed by extending the twin and matrix lattices over the entire
space (Fig. 4). From the dichromatic pattern, a displacement shift
complete (DSC) lattice can be generated and gives all possible
translation vectors preserving the symmetry relation of the two
lattices (Fig. 4d). The DSC lattice depends on the displacement
d, so do the permissible disconnection Burgers vectors at the
TBs. In the general case where d – 0, two translation vectors par-
allel to the TB, d and b, can be identified and satisfy the condition
of d + b = bt = <111>/6. These two vectors give the Burgers vectors
of the disconnections on the TB. In Fe, Group VB TMs and Cr,
93



(a) (b) (c) (d)

FIGURE 4

Dichromatic patterns for {112} <111> TB structure with the DSC lattice showing the two possible Burgers vectors d and b parallel to the TB. (a) The
formation of the near-isosceles TB structure from the mirror reflection TB (dashed circles) plus finite displacement d. (b) The near-isosceles TB structure. (c)
Dichromatic pattern formed by extending the matrix and twin lattices across the TB. (d) DSC lattice of the near-isosceles twin-matrix structure. In all figures,
the gray circles represent atoms in the matrix and the white circles represent atoms in the twin.

R
ESEA

R
C
H
:O

rig
in
al

R
esearch

RESEARCH Materials Today d Volume 65 d May 2023
the TB disconnection is thus predicted to be partial disconnec-
tions of Burgers vector d and b, and separated by a TB SF of
energy ctbsf in between (Table S2). TB migration is carried out sep-
arately by these partial disconnections. In Mo and W, the TB dis-
connection is predicted to have a Burgers vector of bt (d = 0),
identical to the twinning Burgers vector. The TB structure and
twin growth are thus distinctly different among the TM family.
Direct validation on nucleation and growth mechanisms
In the above twin nucleation mechanism, the RC slip is critical
but still requires hypothetical atomic displacements to activate
the nucleation process. The growth mechanism via partial dis-
connections is also built upon bicrystallography without ener-
getic considerations. They only offer possible mechanisms for
twin nucleation and growth in BCC structures. We thus verify
both mechanisms in direct atomistic simulations. We simulate
twin nucleation at the tip of a Griffith crack on the (112) plane

with the crack front in the 1
�
10

h i
direction and under mode-I

loading in BCC V (Fig. 5a and SI). With increasing loading, shear

deformation increases along the 1
�
1
�
2

� �
plane under the crack-

tip stress field. Slip is particularly localized within two layers of
(a) (b) (c)

FIGURE 5

Twin nucleation and propagation at the tip of a Griffith crack. (a) Schemat
critical loading. (c) Twin nucleation and growth with a 2-layer twin embryo at t
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atoms at the crack tip (Fig. 5b). At the critical loading
(eyy = 4.55%), a twin nucleus is formed and quickly grows into
multiple layers (Fig. 5c). At the twin tip, twin propagation is
led by a 2-layer twin structure identical to that obtained via the
RC slip method in DFT (Fig. 1b). Twin growth or thickening is
carried out by a pair of disconnections with Burgers vector d

and b separated by a TB SF, as predicted in the analysis using
the DSC lattice. In particular, twin growth follows immediately
upon the nucleation of the 2-layer twin embryo, consistent with
the low growth barrier predicted by the crc-line in the twin direc-
tion (Fig. 3).

The simulation thus provides an explicit validation on the
proposed twin nucleation and growth mechanisms in BCC V.
Separately, the critical stress intensity factors (SIFs) can be pre-
dicted using linear elastic fracture mechanics (LEFM) for the
respective deformation modes, i.e., twinning, dislocation emis-
sion and cleavage (Method and SI). For twin nucleation, we use
cutw and predict the critical SIF KIt as 0.66–0.82 MPa m1/2, close
to the actual value 0.6 MPa m1/2 in the simulation and lower
than KIc for cleavage (SI). For dislocation emission, we use cud
and the critical SIF KIe is predicted to be 0.7–0.85 MPa m1/2,
higher than KIt but lower than KIc, indicating dislocation emis-
ic of the simulation model. (b) Atomic configuration at the crack tip at the
he tip and partial TB disconnections and SF.
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sion is also more favourable than cleavage. LEFM theory thus
predicts that twinning should occur prior dislocation emission
and cleavage, in agreement with the direction simulation where

twinning is activated and blunts the {112} 1
�
10

h i
sharp crack tip,

relieving the stress concentration and leading to ductile beha-
viour in this crack orientation (Fig. S6).
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Twinning in WRe alloys and DBT
Group VIB Cr exhibits a brief energy drop at sc, which leads to
the critical 2-layer twin formation. It is surprising that Mo and
W in the same group do not possess such features even though
they share similar electronic structures. On the other hand,
experiments show that twinning is activated upon Re addition
in W and Mo binary solid solution alloys [40–42]. We reveal
the Re effects on twin activation in these alloys using DFT again.
Fig. 6 shows the respective crc-lines of WRe average alloys calcu-
lated using the RC slip method and virtual crystal approximation
(VCA [43], see SI). Similar to results in previous studies [44], Re
(a) (b

(c) (d

FIGURE 6

Re effects on material properties of binary WRe and MoRe solid solution allo
(b) Twin and dislocation nucleation barriers as a function of Re concentration
structures in elemental TMs and alloys. In the lower left inset, white atoms on a {1
with a local structure resembling the HCP structure (upper right). (d) Critical SIFs
sharp crack tip under mode-I loading as a function of Re concentration in WRe a
and high Re concentrations respectively in binary WRe alloy experiment [41].
reduces the c-lines at all concentrations for W. At 10 at.%Re,
the crc-line has a similar profile as that of Cr, with a brief drop
in energy/metastable fault at sc � 0.4b. At sc, a 2-layer twin is
formed spontaneously during structure optimization with or
without constraints (Fig. 1b). With further increasing Re concen-
tration c, the positions of the meta-stable fault sc and critical bar-
rier for twinning cutw shift to the left, and the crc-lines are further
lowered and approach those of Group VB TMs and Fe. In these
alloys, a 2-layer isosceles twin structure, similar to that in Fe,
Cr and Group VB TMs, is formed spontaneously at sc � 0.4b
(Fig. 1b). At sc � 0.34, 0.36, 0.38b, a 4-layer twin of mirror reflec-
tion is formed (Fig. 1f). The mirror reflection TB structure has a
lower energy than the isosceles TB. In all the cases, the positions
of peak value cud, corresponding to the barrier to a full disloca-
tion nucleation, remain nearly the same at sc � 0.55b.

Quantitatively, cud scales linearly with c in the entire range,
while cutw first appears at 10 at.%Re, drops rapidly up to 25 at.
%Re, and followed by linear scaling afterwards (Fig. 6b). Reduc-
tion in cutw or cud favours twin or dislocation nucleation over
)

)

ys calculated by DFT. (a) crc-lines as a function of Re concentration in WRe.
in WRe and MoRe alloys. (c) Energy difference between the HCP and BCC
12} plane slip to sc, forming the near-isosceles (dashed triangle in orange) TB
for twinning (KIt), dislocation emission (KIe) and cleavage (KIc) at a (112) 1

�
10

h i
lloys. The red and green dots show cleavage and twinning observed in low
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brittle cleavage, which is the primary toughness limiting factor
in W below its DBT temperatures [45]. In pure W, cleavage is pre-
dicted for sharp cracks on the low-index ({100}, {110}) planes, as
SIFs KIc for cleavage are much lower than KIe for dislocation emis-
sion (Fig. S13). At 10 at.%Re and above, twinning can be acti-
vated with lower energy barriers cutw than cud for dislocation
emission. Above this threshold concentration, KIt is always lower
than KIe. For the {100}<110>, {110}<110> and {112}<110> sharp
cracks under mode I loading, KIt becomes lower than KIc at criti-
cal concentrations ccrit = 48, 28 and 22 at.%, respectively (Fig. 6d
and S14). The latter two concentrations are close to the Re con-
centrations used in many commercial WRe alloys. Sufficient Re
addition can thus turn intrinsically brittle cleavage in pure bulk
W into ductile twin deformation in WRe alloys via a mechanism
similar to that in V shown in Fig. 5. In this case, twinning should
be absent in pure bulk W and prevalent in WRe alloys when Re
concentrations reach 20–30 at.%. This prediction is consistent
with (i) cleavage fracture in pure W and dilute WRe alloys with-
out twinning [46]; and (ii) twinning deformation at GBs and
crack tips in a W-25at.%Re alloy deformed at room temperature
[41].

On the other hand, cleavage always occurs prior dislocation
emission based on predictions of KIe with cus on the standard c-
lines at all Re concentrations [44,47]. WRe alloys would thus still
be intrinsically brittle, which contradicts the presence of stable,
non-propagating micro-cracks in W-25at.%Re alloys [41]. The
RC slip method employed here thus reveals the twinning mech-
anism and enables quantitative predictions of critical concentra-
tion for twinning and ductilization at crack tips in BCC
structures. The findings of twinning mechanism and critical Re
concentrations close the long-standing gap between theoretical
prediction of brittle cleavage and experimental observation of
ductile plastic deformation in WRe alloys [47]. It also provides
a mechanism to reverse or delay the DBT in brittle materials such
as W when dislocation plasticity is suppressed (e.g., by high lat-
tice frictions at low temperatures or strengtheners such as solutes
and precipitates) and local stresses reach levels capable of driving
crack nucleation and propagation.

Extension and discussion on the physical origin
The activation of twinning via Re solutes in W demonstrates a
general mechanism to blunt sharp cracks and hence arrest their
fast propagations required in all BCC TMs (Fig. S13). Fig. 6b fur-
ther predicts that twinning can potentially be activated at crack
tips in MoRe alloys with Re concentrations above 10 at.%. This
is consistent with early experiments where twinning was
observed in Mo-18at.%Re deformed at 77 K and was profuse in
Mo-(34–35)at.%Re deformed at room temperatures [40,42,48].
The prediction also shows that Re reduces the barrier to twin
nucleation in Mo, which is again consistent with the decrease
of critical stresses for twinning observed in experiments [48].
We note that twinning or dislocation emission is not predicted
at mode-I crack tips in pure Mo (Fig. S13). Nevertheless, twin
were found adjacent to propagating cracks under tensile loading
[48]. The origin for this discrepancy is not entirely clear. At least
two factors could contribute to this discrepancy: (i) the crack
could be advancing at considerable speeds, i.e., under dynamic
fracture conditions, which change the crack tip field and beha-
96
viour; (ii) the c-lines could be further reduced when normal stres-
ses are taken into considerations (discussed below), as seen in the
atomistic simulations above (SI). Overall, the low-index plane
cracks in pure Mo are still intrinsically brittle; solutes such as
Re are required to change them to semi-brittle or ductile.

Finally, we discuss the physical origin governing deformation
twinning in all the above cases. Essentially, twinning is driven by
slip in the <111> direction on the {112} planes, which passes
through a configuration with stacking sequence similar to that
of the hexagonal close-packed (HCP) structure (see insets in
Fig. 6c). Unlike the SF in FCC structures, the SF here is not exactly
HCP, but only resembles its local atomic environments. We
relate the meta-stable SF energy to DE defined as the energy of
the HCP structure relative to the ground state BCC structure.
While this relation is not exact, it offers a simple criterion to dif-
ferentiate the subtle differences among the TM family and alloy-
ing effects. We show that DE gives a general trend consistent
with the presence of a meta-stable SF/twin embryo, which ulti-
mately has a quantum mechanics electronic origin. In pure Mo
and W, DE � 0.45 eV/atom, and is the largest among all cases
(Fig. 6c). Alloying with Re first decreases DE towards that of pure
Cr, making the HCP structure less unfavourable. With Re above
some critical concentrations (10 at.% for W and Mo), an HCP-
like structure, manifested as the near-isosceles TB structure, is
spontaneously formed at sc on the RC slip path and accompa-
nied by the appearance of a meta-stable fault on crc-lines. Further
increasing Re concentrations reduces DE towards that of Group
VB TMs and finally Fe. Smooth decrease of DE with increasing
Re concentration corroborates continuous evolution of crc-line
profiles from pure W-like to Cr-like, and finally to Group VB
and Fe-like (Fig. 6a and c).

For WRe and MoRe alloys, both the barrier to twinning cutw
and the barrier to dislocation nucleation cud can be quantita-
tively related to DE, which in turn is controlled by Re concentra-
tions. Specifically, in solid solution average WRe alloys above the
threshold concentration, cutw can be approximated as

cAutw gð Þ ¼ cCutw 1þ kutw g� 1ð Þ½ �; g ¼ DEA=DEC; ð1Þ

where cCutw is the barrier to twin nucleation at the threshold con-

centration, DEA and DEC are the energy differences at the thresh-
old concentration and the concentration in the actual alloy, and
kutw = 1.06 is the scaling factor fit from the data (Fig. S16). The
normalizing index g has a similar functional form of the material
index w controlling dislocation properties [44]. Both g and w are
ultimately related to the valence electron concentration in the

alloy, so do cCutw and cud. All physical quantities and binary average
alloying effects can thus be computed rapidly using first-
principles DFT, which enables predictions of KIt, KIe and KIc dic-
tating material intrinsic ductile/brittle behaviour, as demon-
strated in the WRe case.

The prediction on twinning and associated properties can be
extended to the entire BCC TM family and binary alloys, similar
to that of w for dislocation properties. For example, pure V is on
the boundary between intrinsically brittle and ductile behaviours
(Fig. S13); alloying V with Ti (or solutes on the left of Group VB)
at moderate concentrations is expected to reduce cutw and shift V
to the ductile side completely. Alloying Nb with Zr continuously
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reduces DE/g (Fig. S17) and twinning barrier cutw, which favours
deformation twinning; this prediction is consistent with experi-
ments where twinning is even activated above room temperature
at 25 at.%Zr concentration [49]. For group VB TMs, solutes on
their right are expected to raise DE, cutw and reduce twin-
ability, as shown in Fig. S17 for binary TaRe alloys and consistent
with experiments [16]. For all Group VIB TMs, the gap between
brittle cleavage and ductile twinning is relatively large and duc-
tilization requires Re (or solutes on the right of Group VIB) at
high concentrations (e.g., 25 at.%). For Cr, DE/g is reduced with
Re solutes (Fig. S17), which reduces twinning barrier and
increases twinnability, consistent with earlier experiments where
twinning is enhanced, microcracking is suppressed and DBT
temperature is decreased significantly at high Re concentrations
(e.g., 36 at.%Re [50]). The Re effect in Cr is similar to that in
MoRe/WRe alloys. Separately, CPA-DFT calculations [51] show
that Fe can substantially reduce DE and thus twinning barrier

cAutw relative to pure Cr (Fig. S18), which is in agreement with
reduced GSFE c-line calculated for Fe-50at.%Cr [52] and twin-
ning deformation even at elevated temperatures in Cr-32at.%Fe
[53] and Cr-48at.%Fe [54]. Furthermore, Fe is also shown to exhi-
bit solute dependent twinning (e.g., Fe-6.5wt.%Si [55–57]).
Solute effects on c-line and DE can also be determined but require
consideration of magnetism in Fe. Such calculations are thus
more delicate and will be studied separately, given the techno-
logical importance of Fe. Overall, the two indices w and g, intro-
duced in a previous work [44] and the current work here, thus
quantitatively and succinctly captures the physical origins gov-
erning the two fundamental deformation mechanisms in the
entire BCC TM family.

Separately, twinning is reported in deformation of W
nanocrystals [58], Mo thin film [59], and at advancing cracks in
Mo bulk [18]. The current RC slip path, however, suggests twin
nucleation is difficult in these two elements. This apparent dis-
crepancy can be resolved by considering the normal-stress-
dependent generalized stacking fault enthalpy (GSFH). Briefly,
very-high compressive and tensile stresses can change the gen-
eral profiles of GSFH lines; the former stabilizes the 2-layer twin
embryo while the latter induces a double-peak in the critical
stresses for twinning [60]. Both scenarios occur at very high stres-
ses achievable in nanocrystals or at crack-tips during crack prop-
agation. In addition, twinning is generally more prevalent at low
temperatures. Multiple factors could contribute to this
temperature-dependent behaviour. At high temperatures, dislo-
cations tend to have high mobilities. Their easy-glides relieve
local stress concentrations and replace deformation twinning
during yielding or plastic flow. On the other hand, the general-
ized SF free energy should be considered. The energy difference
DE should be replaced by the free energy difference
DG = DE � T DS. The entropy difference DS between the HCP
and BCC structure can influence DG and the overall GSFE pro-
files. In non-magnetic elements such as those in Group VB,
vibrational entropy may be the dominant contribution to
entropy and the HCP structure is expected to have lower vibra-
tional entropy than the BCC structure. In these elements, we
expect DS < 0. With increasing temperatures, DG would thus
increase. The energy valley at the meta-stable SF position
(Fig. 3b) may become shallower and eventually disappear at high
temperatures. The loss of the meta-stable SF eliminates the for-
mation of the 2-layer twin embryo, making dislocation emission
the preferential nucleation mechanism under local shear condi-
tions. In Fe and Cr, magnetism could add further complications
to DG and the activation of twinning. Predictions at finite tem-
peratures thus require further detailed and quantitative study.

Summary
In summary, the reduced-constraint slip method reveals and dif-
ferentiates the twin nucleation and growth path, associated twin
boundary structure and energetics in the entire BCC TM family.
Within the family, the twin nucleation and growth mechanisms
depend on the presence of the near-isosceles twin boundary
structure, which in turn is dictated by the energy difference
between the HCP and BCC structures of the metal or average
alloy. This critical energy difference can be reduced to a normal-
izing index g which can be effectively tuned via solid solution
alloying and predicted easily for average alloys. Application of
the method to WRe alloys with linear elastic fracture mechanics
theory leads to quantitative prediction of critical solute concen-
trations enabling ductile behaviour in otherwise brittle BCCmet-
als. The quantitative prediction closes the gap between theory
and experiment on ductile-to-brittle transition in BCC W upon
alloying with Re. This mechanism-based, computational
approach, with g as the only composition-sensitive input, pro-
vides a bottom line criterion for ductile/brittle behaviour in
BCC metals and alloys. While the current VCA-based prediction
does not capture local solute effects on nucleation barriers, it
does provide a practical tool for rapid screening of alloy compo-
sitions favouring towards the ductile side and enhanced material
toughness. When favourable solute types and concentrations are
identified, more detailed calculations and experimental valida-
tions can be performed. The current result is mechanism-based
and established on crystal geometry and atomic bonding. It is
expected to be robust and applicable to all BCC structures in
general.

Methods
DFT calculations
The DFT calculations are performed using the Vienna Ab initio
Simulation Package (VASP [61,62]). Generalized gradient approx-
imation (GGA) functionals in the Perdew-Burke-Ernzerhof (PBE
[63]) form are used to describe the exchange and correlation
interactions. In each element, the core electrons are replaced
by the projector augmented wave (PAW [64]) pseudopotentials
and the valence states are shown in Table S1. The cutoff energy
of the plane-wave basis set is 520 eV and a first-order
Methfessel-Paxton method [65] with a width of 0.1 eV is used
to smooth the partial electron occupancies. The Monkhorst-
pack k-point mesh [66] is used to sample the Brillouin zone with
linear k-point spacing of �0.2 Å�1. Convergence is assumed
when the total energy variation drops below 10�5 eV and all
the ionic forces are below 0.01 eV/Å. Spin-polarized DFT is used
for calculations of Fe and Cr.

In the DFT-VCA [43] calculations, virtual atoms are created
with core and valence electrons constructed based on alloy con-
stituents. For each binary A1�xRex (A = Cr, Mo or W) alloy, the
valence electron number and pseudopotential for core electrons
97
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are formed using that of the respective constituent elements
weighted by their atomic fractions. All other parameters in
DFT-VCA are the same as that in the standard DFT calculations.

In the BCC structure, the generalized SF energy c-lines in the
<111> direction on the {112} plane are calculated using slab-
vacuum supercells. Specifically, the supercells contain 12 and
16 {112}-plane atomic layers for pure BCC metals and binary
A1�xRex alloys, respectively. In all the cases, the vacuum layer
thickness is �15 Å.

Molecular dynamics simulations
A Griffith crack under mode-I loading is simulated using the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS [67]). We use a supercell of perfect BCC crystal with

its crystallographic direction 111
�h i

oriented along the x-axis,

[112] along the y-axis, 1
�
10

h i
along the z-axis (Fig. 5a). The crys-

tal has a dimension 2W � 2H � t = 40 nm � 25 nm � 2 nm. Peri-
odic boundary conditions are imposed in all directions. A {112}
<110> crack of length 2a = 5.2 nm is created at the center of
the supercell with the crack plane normal in the y-direction
and crack front in the z-direction (Fig. S6). Traction-free crack
surfaces are realized by cancelling interatomic interactions
between atoms on either side of the crack plane within the crack
length 2a. The system with the crack is quasi-statically loaded in
the y-direction by applying an incremental strain eyy = 0.001, fol-
lowed by structure optimization using the conjugate gradient
algorithm with stress-free conditions maintained in the x-
direction and the thickness in the z-direction kept constant
throughout the loading process. Convergence is assumed when
all forces on atoms drop below 10�4 eV/Å. The critical event at
the crack tip (cleavage, dislocation or twin nucleation) is not sen-
sitive to the loading step size, structure optimization details and
boundary conditions, as is well known in established fracture
mechanics theory.

Interatomic interactions are described by an extended modi-
fied embedded-atom method (XMEAM) potential for BCC V
[68] (SI). This XMEAM potential for V (V1) reproduces nearly
all lattice and defect properties at DFT accuracies. In particular,
V1 has accurate surface energies when compared to DFT values.
For the {100}, {110}, {112}, {123} planes, the discrepancies are
11%, 2%, 0.4%, 0.8%, respectively. It also possesses accurate c-
lines with the unstable SF energy cus within 5% from the DFT val-
ues on the {110}, {112} and {113} slip planes. V1 also possesses
the <111>/2 screw, mixed and edge dislocation core structures
and lattice frictions consistent with available DFT calculations
and experimental observations in group VB TMs. Furthermore,
V1 has relatively accurate twin boundary (TB) structures. Its mir-
ror and isosceles TB energies are 0.316 and 0.314 J/m2, 16%
higher and 30% higher than the corresponding DFT values. Its
twinning barrier cutw is 0.601 J/m2, 2% higher than the DFT val-
ues. We have also used two more interatomic potentials (V2 and
V3) for V to further validate the twin nucleation and growth
mechanisms. V2 and V3 have largely similar properties as V1,
but are tuned to possess different DE (SI). V1 and V2 exhibit
the same twinning behaviour as shown in Fig. 5. Atomic config-
urations are visualized using the Open Visualization Tool
(OVITO [69]).
98
Calculation of critical stress intensity factors
We consider a Griffith crack embedded in a large body under
mode-I loading (Fig. 5a). The critical stress intensity factors (SIFs)
can be calculated based on linear elastic fracture mechanics
(LEFM) theory [70]. Specifically, the SIF for a crack of length 2a is

KI ¼ r0
ffiffiffiffiffiffi
pa

p ð2Þ
where r0 is the remote uniaxial loading in the y-direction. The SIF
is modified for periodic array or doubly periodic arrays of cracks
[71]. For example, when considering periodic boundary condi-
tions along the x direction, the system simulates an array of
cracks with image interactions. The corresponding SIF is

Kp
I ¼ 2r0

ffiffiffiffiffiffi
W

p sin pa
2Wffiffiffiffiffiffiffiffiffiffiffi

sin pa
W

p ¼ f a;Wð ÞKI ð3Þ

f a;Wð Þ ¼
ffiffiffiffiffiffiffiffi
6pa

p ð24W2 � p2a2Þ
24W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6paW2 � p3a3

p ð4Þ

where f (a, W) is a normalizing factor and W is the half width of
the simulation cell. The factor f(a, W) approaches 1 when a/
W < 0.1. The image interaction effects are negligible when the
ratio a/W is small, as in the current simulations.

For plane strain conditions, the critical SIF for cleavage is
given by the Griffith theory [72] as

KIc ¼
ffiffiffiffi
G
D

r
ð5Þ

where G is the energy release rate and equal to the energy required
to create 2 surfaces, i.e., 2rsurf. The parameter D is related to the
elastic constants

D ¼ 1� m2

E
ð6Þ

where m is the Poisson’s ratio and E is Young’s modulus of the
material, which can be obtained from the bulk modulus B and
shear modulus m as.

m ¼ 3B� 2l
2ð3Bþ lÞ ; E ¼ 9Bl

3Bþ l
ð7Þ

B and m can be calculated from the 21 elastic constants by the
Voigt-Reuss-Hill approximation [73]. For the cubic system,

B ¼ BR þ BV

2
¼ C11 þ 2C12

3
BR ¼ BVð Þ;

l ¼ lR þ lV

2
;

lR ¼ 5ðC11 � C12ÞC44

4C44 þ 3ðC11 � C12Þ ; ð8Þ

lV ¼ ðC11 � C12 þ 3C44Þ
5

:

The critical SIF for dislocation emission KIe can be calculated
according to the Rice criterion [32]

KIe ¼ 1
f ðhÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2l

1� m
½1þ ð1� mÞtan2/�cus

r
ð9Þ

where f (h) = cos2(h/2) sin(h/2) and h is the angle between the crack
plane and slip plane, / is the angle between the slip direction and
the normal to crack front in the slip plane, and cus is the unstable
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SF energy of the slip plane. In the crc-lines, cud better captures the
barrier and can be used in place of cus in Eqn. (9). Similarly, the
critical SIF for twinning nucleation KIt is calculated by replacing
cus with cutw in Eqn. (9). We consider three crack orientations with
dislocation and twin nucleation on the {112} plane as shown in
Fig. S8. Table S4 shows all the material properties required in
the above equations and Table S5 shows the respective predicted
critical SIFs for 7 TMs. The above analysis is performed using iso-
tropic linear elasticity, which yields values largely similar to that
based on anisotropic linear elasticity [47].
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